Parasites have been argued to influence clutch size evolution, but past work and theory has largely focused on within-species optimization solutions rather than clearly addressing among-species variation. The effects of parasites on clutch size variation among species can be complex, however, because different parasites can induce age-specific differences in mortality that can cause clutch size to evolve in different directions. We provide a conceptual argument that differences in immunocompetence among species should integrate differences in overall levels of parasite-induced mortality to which a species is exposed. We test this assumption and show that mortality caused by parasites is positively correlated with immunocompetence measured by cell-mediated measures. Under life history theory, clutch size should increase with increased adult mortality and decrease with increased juvenile mortality. Using immunocompetence as a general assay of parasite-induced mortality, we tested these predictions by using data for 25 species. We found that clutch size increased strongly with adult immunocompetence. In contrast, clutch size decreased weakly with increased juvenile immunocompetence. But, immunocompetence of juveniles may be constrained by selection on adults, and, when we controlled for adult immunocompetence, clutch size decreased with juvenile immunocompetence. Thus, immunocompetence seems to reflect evolutionary differences in parasite virulence experienced by species, and differences in age-specific parasite virulence appears to exert opposite selection on clutch size evolution.
U
nderstanding why evolved clutch size differs among species is a central issue in life history theory (1) (2) (3) (4) (5) (6) . Most attention has focused on the roles of food limitation (refs. 1-3; reviewed in ref. 4 ) and nest predation (5, 7, 8) . Recently, however, parasitism has been suggested to play an important role in clutch size evolution (9) (10) (11) (12) (13) (14) (15) (16) . Investigators have argued that species that live in conditions with increased abundance of ectoparasites should evolve reduced clutch size (10, 17) . However, if ectoparasites have long generation times, they are thought to favor increased clutch size (10, 11, (15) (16) (17) (18) . These previous arguments have neglected the potential age-specific differences in mortality of different parasites and pathogens and the well-established body of life history theory related to age-specific mortality (e.g., refs. 6 and 19) . For example, species exposed to a greater abundance of parasites that attack juveniles probably incur greater juvenile mortality even if parasites have long generation times compared with species exposed to fewer parasites. The resulting increase in juvenile mortality can favor reduced clutch size among species (6, 19) rather than an increase in clutch size as predicted within species (11, 15, 16, 18) . In short, the effects of parasites on clutch size can depend on their mortality effects and how exposure to this mortality differs across species.
Parasite-induced mortality is defined as virulence (20) (21) (22) . The same parasite species can differ in virulence among host species, and different parasite species can vary in their virulence and abundance within and among host species in an age-specific way (20, (23) (24) (25) (26) (27) (28) that yields different mortality effects on adults (e.g., refs. 13, 14, and 28) vs. juveniles (e.g., refs. 26 and 29). Consequently, no single parasite type will reflect the general and age-specific mortality effects of the full range of parasites to which species may be exposed. Given such complexities, then how do we assess potential effects of parasites? We believe the answer lies in assessing the general effects of parasites on mortality (i.e., virulence). Life history theory predicts that increases in adult mortality should favor an increase in clutch size and fecundity, whereas an increase in juvenile mortality should favor a decrease (6, 19, 30) . These predictions have been verified by field studies and experiments (31, 32) . Given that different parasites can exert different mortality effects on adults vs. juveniles (see above), then parasite effects should be examined in an age-specific context. However, this requires some means of assessing age-specific mortality effects induced by parasites. We suggest that one approach is to use immunocompetence as a general measure of parasite-induced mortality under the following logic.
Intraspecific field studies have shown that mortality is reduced for individuals with increased immunocompetence (33) (34) (35) (36) (37) (38) (39) (40) , yielding a negative proximate relationship within species (Fig.  1a) . Given that immunocompetence has a genetic component (41, 42) , then selection should favor evolution of increased levels of immunocompetence in species that are exposed to higher parasite-induced mortality (Fig. 1a) . Indeed, species that are subject to higher exposure to parasites because of their nest sites, sociality, migration habits, or geographic location show increased investment in immunocompetence (43) (44) (45) (46) . Thus, differences in immunocompetence among species should reflect the levels of mortality experienced (Fig. 1a ) such that clutch size should decrease with juvenile immunocompetence, but increase with adult immunocompetence (Fig. 1b) Here, we conduct an initial exploratory examination of these ideas and predictions. We begin by testing the assumption that immunocompetence increases with parasite-induced mortality. Then, we use measured levels of immunocompetence for juveniles vs. adults to examine whether they predict clutch size differences among species as predicted by life history theory (e.g., refs. 6, 9, and 30).
Methods
We first test the predicted relationship between immunocompetence and mortality (Fig. 1a) . We needed a standardized measure of immunocompetence for comparisons. We used T lymphocyte cell-mediated responses to phytohaemagluttinin (PHA) as an initial assessment of immunocompetence. PHA tests of T cell responses seem a reasonable first approach to assessing immunocompetence because: (i) they have been measured across a diversity of species (Table 1) , (ii) they have high repeatability (e.g., refs. 38, 47), (iii) they show genetic heritability (33) , (iv) they are not confounded by parasite infection levels, like other measures such as immunoglobulins and white blood cells (e.g., see ref. 36) , because studies that experimentally inoculated nests with parasites did not find a change in PHA compared with control nests (48, 49) , (v) whereas PHA only measures one aspect (T cell) of immunocompetence, it has been show to be strongly correlated with other components of the immune system, such as B-cells, across species (50), and (vi) PHA measures of immunocompetence are positively correlated with survival of both nestlings (33, 35, 37, 39) and adults (34, 36, 38) . The latter studies were tests within species and, thus, represent proximate responses, and we ask here whether the opposite evolutionary relationship exists among species (i.e., Fig.  1a ). We obtained data on PHA responses of both adults and juveniles from published sources as well as supplementary unpublished data provided by the authors of published sources ( Table 1 ). All data were collected by authors to test other hypotheses than the ones we test here. Data on mortality effects of parasites on adults are rare and, so, we focused on mortality effects of parasites on juveniles as a first approximation of whether immunocompetence is positively related to parasite virulence across species (i.e., Fig. 1a ). We estimated parasiteinduced mortality as the difference in number of young fledged in low or no parasite nests compared with nests with high parasite density. In particular, we subtracted the difference in number of young fledged in low vs. high parasite nests and divided by the mean number of young fledged in low parasite nests to obtain the percentage reduction in reproductive success from parasites. To test predicted relationships between clutch size vs. adult and juvenile immunocompetence (Fig. 1b) , we obtained data on (a) Proximate (within-species) and evolutionary (among-species) relationships between immunocompetence and parasite virulence, which is defined as parasite-induced mortality. Studies show that individuals with higher immunocompetence have reduced mortality within species (33) (34) (35) (36) (37) (38) (39) (40) . Given this benefit, then species that are exposed to higher parasite virulence and, hence, that experience higher parasite-induced mortality should evolve greater immunocompetence. (b) Assuming that immunocompetence measured for juveniles vs. adults reflects levels of parasite-induced mortality experienced, then species with higher adult immunocompetence should evolve larger clutches, whereas species with higher juvenile immunocompetence should evolve smaller clutches under life history theory.
Fig. 2.
Immunocompetence of young (i.e., nestlings) is positively related to parasite virulence, as measured by parasite-induced mortality incurred by nestlings for (a) raw data (r ϭ 0.94, P Ͻ 0.0001, n ϭ 13) because mass is nonsignificant (r P ϭ 0.33, P ϭ 0.3, n ϭ 13) and (b) corrected for possible phylogenetic effects using independent contrasts and body mass (r P ϭ 0.89, P Ͻ 0.0001, n ϭ 12).
population estimates of clutch sizes of each species by using estimates from the same population where immunocompetence measures were taken whenever possible. Immune responses can increase with body mass (50), so we test for possible allometric (i.e., body mass) effects and control them when significant.
Because we are testing potential evolutionary relationships across species, we corrected for possible phylogenetic effects using independent contrasts (i.e., ref. 65) based on regressions through the origin (i.e., refs. 5, 66, and 67). Our phylogenetic hypotheses for North American, European, and South African species were taken from other references (5, 50, 67) .
Results
We found that parasite-induced mortality of young was strongly positively correlated to juvenile immunocompetence corrected for body mass across species (Fig. 2a) . This relationship remained after phylogenetic effects were corrected by using independent contrasts (Fig. 2b) . Given that differences in immunocompetence among species seem to ref lect differences in parasite-induced mortality, we then tested the predicted relationships between immunocompetence and clutch size (i.e., Fig.  1b) . We found that the two hole-nesting species were outliers when clutch size was examined relative to immunocompetence of adults across all species (Fig. 3a) . Thus, we included hole-nesting as a dummy variable in the analysis, along with body mass, and found that clutch size was strongly positively related to immunocompetence of adults (Fig. 3b) , and also, when possible phylogenetic effects were controlled by using independent contrasts (Fig. 3c) .
Clutch size was not correlated with immunocompetence of young when corrected for body mass (Fig. 3d) . However, south temperate (South African) species showed an independent relationship (Fig. 3d ). Yet, when latitude (Fig. 3e) as well as phylogenetic effects (Fig. 3f ) were controlled, the correlation remained nonsignificant. The evolution of immunocompetence of young may be genetically correlated with the evolution of adult immunocompetence. If this is the case, then the independent variation in juvenile immunocompetence is best evaluated in a multiple regression in which the effect of adult immunocompetence is removed in addition to body mass, hole-nesting, and latitude. When possible effects of juvenile immunocompetence were removed, the correlation between clutch size and adult immunocompetence remained strongly positive (Fig. 4a) even when controlled for phylogeny (Fig. 4b) . When the possible effects of adult immunocompetence were removed, we found a negative relationship between clutch size and immunocompetence of young (Fig. 4c) , even when controlled for phylogeny (Fig. 4d) .
Discussion
Parasites differ in their age-specific virulence and, hence, in the direction and intensity of selection on clutch size, making a relationship between clutch size and any single parasite type unlikely. We argued that immunocompetence should integrate the overall level of age-specific parasite-induced mortality experienced by different species and, thus, yield a positive correlation between parasite-induced mortality and immunocompetence across species. This evolutionary prediction across species is opposite that predicted at the proximate level within species (i.e., Fig. 1a ), but such opposing proximate and ultimate relationships are common (68) . The negative proximate response has been clearly documented (33) (34) (35) (36) (37) (38) (39) (40) . The positive evolutionary relationship has been indirectly indicated by work showing increased investment in immunocompetence organs among species that are exposed to more parasites (43) (44) (45) (46) ). Yet, given that parasites can differ in their virulence, exposure to more parasites does not directly address whether parasite-induced mortality is related to investment in immunocompetence. We directly tested this relationship and found that immunocompetence of juveniles was, in fact, strongly related to parasite-induced mortality of juveniles. The strength of this result is actually a bit surprising. First, parasite-induced mortality has been measured by comparing low abundance or absence of ectoparasites vs. high abundance. Yet, different studies increased or decreased ectoparasites to different extents, yielding an expectation of noise in mortality estimates. Moreover, studies often manipulated or studied effects of a single ectoparasite and, thus, may not have measured the full effects of differing parasites on juvenile mortality. To be sure, some studies were based on the cumulative effect of all ectoparasites, and remaining studies were based on the predominant parasite that may yield the strongest indication of overall parasite effects on mortality. We suspect that broader tests of this relationship may find a noisier one. Nonetheless, our results show that a clear signal exists and supports the assumption that immunocompetence ref lects the relative levels of mortality selection from parasite and disease exposure. Previous theory (e.g., refs. 10-11 and 17) has largely focused on the potential mortality effects of parasites on offspring. Yet, parasites can also affect adult survival (e.g., refs. 13, 14, 69), and life history theory predicts opposite directional selection from juvenile vs. adult mortality (5, 6, 19, 30 ) (see Fig. 1b) . We found opposite responses of clutch size to mortality as indexed by Fig. 3 . Clutch size is positively related to immunocompetence of adults as measured by phytohaemagluttinin (PHA) tests for (a) raw data, (b) when corrected for body mass and hole-nesting (r P ϭ 0.73, P ϭ 0.002, n ϭ 17), and (c) when corrected for body mass, hole-nesting and possible phylogenetic effects using independent contrasts (r P ϭ 0.73, P ϭ 0.002, n ϭ 16). Clutch size shows a nonsignificant tendency to be negatively related to immunocompetence of young (d) for raw data (r ϭ Ϫ0.23, P ϭ 0.31, n ϭ 22) because body mass was nonsignificant (r P ϭ 0.26, P ϭ 0.25), and (e) when corrected for latitude (r P ϭ Ϫ0.33, P ϭ 0.15, n ϭ 22), and ( f) when corrected for body mass, latitude, and possible phylogenetic effects using independent contrasts (rP ϭ Ϫ0. 16 4 . Clutch size was examined in a multiple regression with immunocompetence of adults and young, body mass, hole-nesting, and latitude. Clutch size (a) increased with adult immunocompetence (r P ϭ 0.82, P ϭ 0.002, n ϭ 14) and (b) even when controlled for phylogeny using independent contrasts (r P ϭ 0.74, P ϭ 0.009, n ϭ 13), whereas clutch size (c) decreased with juvenile immunocompetence (r P ϭ Ϫ0.74, P ϭ 0.010, n ϭ 14) and (d) even when controlled for phylogeny using independent contrasts (r P ϭ Ϫ0.55, P ϭ 0.094, n ϭ 13).
immunocompetence of juveniles vs. adults (Fig. 4) . The positive correlation between adult immunocompetence and clutch size was very strong once hole-nesting was taken into account. Hole-nesters were clear outliers, and it is likely that hole-nesting imposes independent selection (e.g., see refs. 1, 2, 5, and 67) yielding parallel relationships with different intercepts, but data from more species are needed to test such possibilities.
The raw relationship of clutch size with juvenile immunocompetence was very weak and differed between northern and southern regions (Fig. 3d ). Yet, when adult immunocompetence was taken into account, the relationship between clutch size and juvenile immunocompetence became clear (Fig. 4 c  and d) , whereas controlling for juvenile immunocompetence did not really inf luence the relationship between clutch size and adult immunocompetence (Fig. 4) . Such results may indicate that selection on adult immunocompetence may constrain expression of immunocompetence in juveniles; e.g., species that benefit from strong expression of immunocompetence by adults may begin development of this expression during early growth and thereby constrain juvenile expression of immunocompetence to relatively greater levels. Yet, the very weak or nonexistent raw relationships of juvenile immunocompetence with clutch size (Fig. 3) may also indicate the complexity of differing selection exerted by differing parasites (e.g., refs. 11, 15, 16, 18) and emphasize the need for much more research on the effects of parasites on clutch size evolution. Nonetheless, the very fact that the relationships of clutch size with adult vs. juvenile immunocompetence were strongly opposite (Fig. 4) provides compelling support for the notion that age-specific differences in selection caused by parasites and diseases can favor opposing selection on clutch size as predicted by life history theory.
Ultimately, our results suggest that parasites and diseases exert selection on differential expression of immunocompetence and clutch sizes among species. Other factors, such as nest predation and food limitation (1, (3) (4) (5) 8) , also inf luence evolution of clutch size, and exploration into the relative roles and inf luences of the simultaneous action of these selective forces in shaping interspecific variation in clutch size evolution should prove a fertile area of future investigation. Indeed, some evidence shows that these factors may interact directly. For example, variation in food and feeding rates of young can inf luence the development of their immune system and ability to resist parasites (e.g., refs. 12, 33, 51, and 62). Moreover, development of the immune system may compete with growth and development of young (50, 70) , but increases in length of developmental periods can increase exposure to predation risk. Conversely, high predation risk may favor increased developmental rates (1) (2) (3) (4) (5) , which may constrain development of immunocompetence (70) . On the other hand, other potential selective forces may not interact and instead yield separate selection on life histories; the fact that hole-nesting species were clear outliers (Fig. 3a) may ref lect one environmental condition with differing selection pressures. In short, life history strategies are the result of multiple selection pressures, and immunocompetence and parasites represent one set of selection agents that can inf luence evolution of life histories in complex ways and, thus, deserve greater attention.
